Introduction
Supersonic inlets can capture supersonic flows and decelerate velocity of the flow with a succession of oblique shocks on the inside of inlet. These oblique shocks can bring about shock/shock interactions and shock/boundary layer interactions.
The shock/boundary layer interaction can cause a boundary layer separation which may result in instability and a reduction in the total pressure recovery. This could significantly degrade combustion efficiency. Therefore, the control of the shock/boundary layer interaction is crucial to the performance of supersonic inlets.
A method for overcoming the boundary layer separation is using a boundary layer bleed, wherein the low momentum flow adjacent to the inlet is diverted through separate passages. The kinetic energy of the remaining boundary layer is increased. Consequently, it has the ability to overcome the boundary layer separation.
A number of investigators used both experimental and numerical methods for further study. The study of Willis et al. is a typical example of experimental method [1] [2] [3] . The experiment focuses on the sonic flow coefficient behavior for boundary layer bleed orifice configurations. Numerical studies has been concentrated on the aerodynamic analysis of supersonic inlet containing bleed system [4] . Because of the computational cost needed for resolving individual bleed holes and plenum, bleed boundary condition models are used in CFD simulations. Some bleed models that are well-known are considered in this study. Mayer hole area, and empirical sonic flow coefficients [5] . The use of sonic flow coefficient data requires properties at the edge of the boundary layer. Slater bleed model that performed a scaling of sonic flow coefficient data for 90-degree holes allowed the bleed mass rate to be computed based on surface properties [6] . Doerffer and Bohning bleed model computes the bleed mass rate considering the effect of a tangential flow along a porous wall and aerodynamic porosity [7] .
The bleed models commonly indicate low accuracy of bleed mass rates as compared to experimental data. Since inadequate bleed is undesirable, it seems that a solution is to design bleed system with excess bleed mass rates. However, it is not the total solution because excessive bleed mass flow rate can be inefficient and injurious. The bleed flow is extracted by suction into bleed holes and does not take part in the production of thrust. Also, the boundary layer removed becomes a part of the aircraft system, thus leading to aerodynamic drag. So, accurate prediction of the bleed mass flow rate is important in order to maximize the efficiency of supersonic inlets.
The computed downstream boundary layer profiles obtained using bleed models are somewhat fuller than experimental result near the surface. It leads to excessive bleed effects in CFD simulations, which may result in misprediction of a boundary layer separation. Consequently, it is also important to predict health of the boundary layer downstream of a bleed region [1] .
The current work improves the accuracy of bleed model by introducing Prandtl-Meyer expansion theory and variable porosity. The improved bleed model is demonstrated for flows over bleed regions on flat plates with/without an oblique shock. The results from the bleed model are compared with results from other bleed models and experimental data.
Governing Equations and Numerical Methods

Governing Equations
The governing equations are the compressible Navier-Stokes equations.
The  vector represents the conservative variables. The , , and  represent the inviscid flux vectors of , ,  -direction, respectively. The subscript  indicates the viscous flux. The S is a source of the equation.
Numerical Methods
The flux scheme of AUSMPW+ is used for the spatial discretization. The AUSMPW+ scheme removes non -monotonic pressure oscillations of AUSM-type scheme near a wall or behind a shock wave [8] .
Lower-Upper Symmetric Gauss-Seidel(LU-SGS) implicit time integration is used. Yoon and Jameson introduced an implicit algorithm based on a lower-upper factorization and Gauss-Seidel relaxation. The LU-SGS scheme, which requires the scalar calculation for inversion, can reduce considerable memory and computing time [9] .
For an adequate description of turbulent flow-field within the framework of a Reynolds Averaged Navier-Stokes(RANS) formulation, Menter's k-w SST model is employed. The model combines desirable elements of existing two-equation models [10] .
Monotone Upstream-centered Schemes for Conservation Laws(MUSCL) is adopted to obtain higher order spatial accuracy [11] . The van Leer limiter is included to avoid spurious oscillations [12] . In order to discretize the viscous flux terms, a second order central differencing is used.
Improved Bleed Boundary Condition
Slater performed a scaling. The scaling simplifies implementation of bleed boundary condition by no longer requiring flow properties at the edge of the boundary layer. It reduces computational costs. Because of these strengths, the improved bleed model was developed based on Slater bleed model. The bleed flow rate   is
where  is the porosity that is the ratio of the sum of the cross-sectional area of all the bleed holes   and the surface area of the bleed region   .  and  are the gas constant and ratio of specific heat.   and   are the total pressure and temperature, and  is the Mach number of the flow through the bleed holes. The   is a reference flow rate defined as
The reference bleed flow rate   is defined as isentropic sonic flow condition through bleed holes. The bleed flow is assumed to be normal to a domain boundary. The normal velocity component   is given by
where   is the boundary surface density. Slater suggested an alternative reference flow rate    that is defined as
where   and   are the wall pressure and temperature. The surface sonic flow coefficient    is defined as
Slater bleed model assumed that the wall pressure is approximately equal to the pressure of the boundary layer edge. Also, it is assumed that the temperature recovery factor is one.
where   and   are the total pressure and total temperature at the boundary layer edge. The Mach number of the boundary layer edge   is substituted for freestream Mach number. However, the bleed leads to the acceleration of flow at the start of the bleed region as the flow turns into bleed holes. Therefore, the Mach number at the edge of the boundary layer over the bleed region is larger than the Mach number at the edge of the approaching boundary layer. As a result, Slater bleed model consistently underestimates the sonic flow coefficient values for all Mach numbers.
In order to solve the problem which is reduction of the accuracy of bleed model, a new scaling that considers expanded Mach number at the edge of the boundary layer is performed in this study. A local expansion process at the start of the bleed region is assumed to be a Prandtl-Meyer expansion. The expanded Mach number at the boundary layer edge   can be expressed as 
where   is the Mach number at the edge of the approaching boundary layer,   is the static pressure at the boundary layer edge before the flow is turned into bleed holes, and   is the static pressure at the edge of the boundary layer above the bleed region. Because of a assumption that the static pressure at the boundary layer edge is equal to the static pressure of the surface, the static pressure at the boundary layer edge over a bleed region is equal the pressure at the surface. An expansion of bleed flow varies with the plenum pressure ratio. At the low plenum pressure ratios, CFD simulations using Slater bleed model show much lower values of sonic flow coefficient than experimental data. At the high plenum pressure ratios, the expansion of the bleed flow is insignificant. So, it leads to a closer match with experimental data.
Considering the variation of expansion according to plenum pressure ratios, the new scaling is performed as shown in Fig. 1 . At the low surface plenum pressure ratios, the deviation between a original scaling and a new scaling is large due to the effect of a Prandtl-Meyer expansion above the bleed region. The deviations become smaller as surface plenum pressure ratios become larger. A quadratic curve was fitted to a scaled data of Fig. 1 . The quadratic equation is
where   is the plenum static pressure.
Additionally, the quadratic equation from using the original scaling yields a positive slope as     < 0.02585. This contradicts an expectation that sonic flow coefficients continually increase as the static plenum pressure approaches the plenum pressure that chokes the bleed system. The bleed flow rate will increase until the bleed system is choked, after which the bleed flow rate will remain constant. Accordingly, the surface sonic flow coefficient is assumed to be constant at less than the plenum pressure that would result in choked flow through bleed holes.
In calculations using the bleed models, a bleed region is assumed continuously porous through the use of a uniform porosity. However, a assumption is not adequate because it leads to only one shock at the start of the bleed region and one expansion process at the end. This assumption can influence a prediction of the boundary layer downstream of the bleed system. In effect, several shocks and expansion processes occur on the porous plate. To account for the spatial variation of the porosity, the bleed area is span-averaged. The variable porosity  is expressed as
where   is the center position of bleed row  and   is the radius of a bleed hole [13] .
Numerical Results and Discussions
CFD simulations are performed to evaluate the accuracy of the improved bleed model. The simulations include the flow over a porous flat plate at four Mach number conditions. Various bleed flow rates are simulated to assess the ability of the improved bleed model to predict bleed flow properties.
An oblique shock wave interaction with a boundary layer over a porous flat plate is also included in CFD simulations. The purpose of simulations is to assess the ability of the bleed models to predict bleed properties in the presence of a shock/boundary layer interaction.
The agreement between experimental data and results obtained from CFD simulations is indicated by the coefficient of variation of the root mean square error CV(RMSE) [14] . The CV(RMSE) is expressed by
where n is the number of data points measured in the experiments.   and   are sonic flow coefficients obtained from the experiments and CFD simulations, respectively.
Flat Plate in Uniform, Supersonic Flow
The first application represents a uniform supersonic flow over a porous flat plate. This flow was studied in wind-tunnel tests conducted by Willis, Davis, and Hingst at the NASA Glenn Research Center in the 1990s [2] . The porous plate is the C1 plate which has 75 circular bleed holes at an angle of 90-degree to the surface distributed over a 6.985 cm by 17.78 cm area. The diameter of bleed holes is 0.635 cm. The porosity of the bleed plate is 0.1912. CFD simulations are conducted for a two-dimensional flow domain using bleed boundary conditions. A computational domain is shown in Fig. 2 . The left boundary is imposed with a supersonic inflow boundary condition. The bleed boundary condition is used within the bleed region. A slip condition is used at the front of the wall and an adiabatic, no-slip condition is used on the rest of the bleed plate. The top boundary is imposed with a far-field boundary condition. The right boundary is imposed with a supersonic outflow boundary condition. Multi-block, structured H-grid is used for the computational domain. The wall normal spacing is set to    at Mach 1.27 and    at Mach 2.46.
The results obtained from using Mayer/Paynter, Slater, Doerffer/Bohning, and improved bleed model are shown in Table 2 . The improved model shows a low value of the CV(RMSE), which indicates good agreement.
The ability of a bleed model to predict the boundary layer downstream is an important factor. Figure 4 shows comparison of normalized boundary layer pitot pressure profiles extracted at downstream of the bleed region. This comparison is performed at the maximum bleed flow rate.
When Mayer/Paynter, Slater, and Doerffer/Bohning model is applied to simulations, pitot pressure profiles for four Mach number are fuller near the surface. This is likely an effect of the surface roughness. The effect is not considered because the models assumes a continuous bleed over the bleed region. Meanwhile, results of the improved Table 2 CV(RMSE) of sonic flow coefficients between experimental data and predictions in uniform, supersonic flow bleed model are found to be in closer agreement with experimental data. Because an assumption of the variable porosity brings about occurrence of several shocks and expansion processes, the improved model can more accurately predict the boundary layer downstream of a bleed region.
Flat Plate with Shock/Boundary Interaction
The second application represents the shock/boundary interaction on a flat plate. This flow was studied in wind-tunnel tests conducted by Willis, Davis, and Hingst at the NASA Glenn Research Center in the mid 1990s [3] . The freestream Mach number of wind tunnel is 2.46 and the deflection angle of shock generator is set at 8-degree. The porous plate is a modified version of C1 plate that has two extra rows of bleed holes distributed over a 9.525 cm by 15.875 cm area. Table 3 shows wind-tunnel flow conditions and boundary layer characteristics at the reference plane. Figure 5 shows a computational flow domain. The left boundary is imposed with a supersonic inflow boundary condition. The top boundary includes shock generator that is treated as a slip wall. The rest of the top boundary is specified with a far-field boundary condition. The bleed boundary condition is applied on the bleed region and an adiabatic, no-slip condition is used on the rest of the Table 3 Plate with shock interaction 1ft. by 1ft supersonic windtunnel operating conditions Comparisons of normalized pitot pressure profiles at the boundary layer downstream are shown in Fig. 7 and 8 . Figure 7 corresponds to a bleed mass flow rate that is near the choking limit. Figure 8 corresponds to a bleed mass flow rate that is half the value that required to choke porous bleed holes. These figures contain pitot pressure profiles at the 11.4935 cm and 18.161 cm downstream of the bleed plate. Normalized pitot pressure profiles at a position just downstream of the bleed region show wiggles near the boundary layer edge. This wave structure is not captured well by bleed models. Overall, boundary layer profiles extracted from CFD simulations using the improved bleed model agree more closely with experimental data because of the consideration of the variable porosity.
Conclusion
Accurate prediction of the bleed system performance is important in order to maximize the efficiency of supersonic inlets. A localized expansion of the bleed flow was not considered in the Slater model. Such assumption resulted in low accuracy of the bleed model. In order to improve accuracy of a bleed boundary condition, Prandtl-Meyer expansion theory was applied to a scaling of sonic flow coefficient data. A quadratic curve was fitted to scaled sonic flow coefficient data. Consequently, the amount of bleed mass rate can be more accurately predicted. In addition, the porosity was defined as the variable porosity that varies with the location of the bleed plate. It leads to improvement of the ability to predict the boundary layer downstream of a bleed region.
CFD simulations of supersonic flow over a flat plate with a bleed region with/without an oblique shock wave were performed. The analysis of simulations was focused on the ability of the improved bleed model to predict sonic flow coefficients and the boundary layer downstream of the bleed region. The CV(RMSE) between experimental data and results obtained from the bleed models was presented. The improved bleed model showed a low value of the CV(RMSE), which indicates improved match with the experimental data. The results of two porous plate configurations showed that the improved bleed model does a reasonable job of predicting sonic flow coefficients and downstream boundary layer profiles with and without in the presence of an oblique shock.
